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Giant protoplastBacillus subtilis is a representative Gram-positive bacterium. In aerobic conditions, this bacterium can
generate an electrochemical potential across the membrane with aerobic respiration. Here, we developed the
patch clamp method to analyze the respiratory chain in B. subtilis. First, we prepared giant protoplasts (GPs)
from B. subtilis cells. Electron micrographs and ﬂuorescent micrographs revealed that GPs of B. subtilis had a
vacuole-like structure and that the intravacuolar area was completely separated from the cytoplasmic area.
Acidiﬁcation of the interior of the isolated and puriﬁed vacuole-like structure, due to H+ translocation after
the addition of NADH, revealed that they consisted of everted cytoplasmic membranes. We called these giant
provacuoles (GVs) and again applied the patch clamp technique.When NADHwas added as an electron donor
for the respiratory system, a signiﬁcant NADH-induced current was observed. Inhibition of KCN and 2-heptyl-
4-hydroxyquinoline-N-oxide (HQNO) demonstrated that this current is certainly due to aerobic respiration in
B. subtilis. This is the ﬁrst step for more detailed analyses of respiratory chain in B. subtilis, especially H+
translocation mechanism.uole; EtBr, ethidium bromide;
oda).
able Chemistry, Tokyo Denki
101-8457, Japan.
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The respiratory chain plays an essential role in oxidative
phosphorylation. The H+ or Na+ electrochemical gradient across the
cellular membrane is generated via a respiratory chain in aerobically
grown bacteria. These electrochemical gradients are accordingly
utilized as the driving force for the synthesis of ATP or the uptake of
nutrient molecules (e.g., amino acids or sugars) [1,2]. On the other
hand, the potential is also used as a driving force for the efﬂux of
antibiotics or heavy metal cations [3,4]. So, the respiratory chain has
been investigated in bacteria, chloroplasts, and mitochondria.
Bacillus subtilis is a genus of Gram-positive rod-shaped bacteria
and one of the best-understood prokaryotes, in terms of molecular
biology and cell biology. Because of easier handling, B. subtilis has
been used as a model organism for many biological functions. The
respiratory chain in B. subtilis has been studied since the earlytwentieth century, and several components have been investigated in
great detail.
The respiratory chain in B. subtilis consists of NADH dehydro-
genases, quinol/cyt c oxidoreductase, and terminal oxidases. The
reaction in the respiratory chain goes through dehydrogenation of
NADH, as a ﬁrst step. Bacillus NADH dehydrogenases are likely to be
encoded by yjlD, yumB, or yutJ; their activity has been investigated
with oxygen consumption in partially puriﬁed particles [5]. Electrons
are transferred from NADH to menaquinol, which serves as an
electron carrier, and then, the pathway goes through two main
branches. The ﬁrst is one in which electrons go through the
cytochrome c and cytochrome oxidase, in turn. The second contains
only quinol oxidase. In each branch, electrons are ﬁnally accepted by
oxygen molecules. As terminal oxidases, one cytochrome c oxidase
and four quinol oxidases are known [6–9].
In many reports, the activities of these enzymes have been
elucidated with spectrometric studies or by oxygen consumption
[6,10–13]. However, H+ translocation coupled to electron transfer is
also an important parameter. One of the most useful methods for the
measurement of cellular ion transport is the patch clamp method
[14,15]. With this method, a lot of important analyses, such as those of
Na+/K+ ATPase in guinea pig myocardial cells or rat hippocampal
synaptic currents, have been achieved [16,17]. Even in bacterial cells,
Martinac et al. prepared spheroplasts (whose diameter is approxi-
mately 6 μm) from E. coli cells and analyzed the current by
Fig. 1. Transmission electron micrographs of Bacillus subtilis GP. (A and C) GP. C is the
magniﬁed image of the section indicated by a square in A. GPs have no peptidoglycan on
their surfaces, and this is very different to normal cells. (B and D) Normal B. subtilis cells.
They have a thick peptidoglycan layer on their surfaces. The scale bars indicate 1 μm.
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was possible to apply the patch clamp technique for enlarged bacterial
cells. Furthermore, we applied whole-cell mode patch clamp for giant
provacuoles (GVs), which were observed in giant protoplasts (GPs),
and detected the current by respiratory chain or FOF1-ATPase [19]. We
aimed to apply this method to B. subtilis cells.
In this study, we succeeded in the enlargement of representative
Gram-positive bacteria B. subtilis. In addition, we applied whole-cell
(whole-vacuole) mode patch clamp for a GV (whose diameter was at
least 10 μm) and analyzed exact H+ translocation across the
membrane as the current.
2. Materials and methods
2.1. Preparation of GPs from B. subtilis cells
GPs were prepared by using a modiﬁcation of Kusaka's method
[20] and spheroplast incubation method [19]. Cells of B. subtilis JH642
and 168 were grown in PYG medium (0.5% polypeptone, 0.25% yeast
extract, 1% glucose, 0.05% K2HPO4, 0.03% KH2PO4, 0.01% NaCl, 0.013%
CaCl2·2H2O, 0.03% MgSO4·7H2O, 0.0018% MnSO4·4H2O, 0.0006%
FeSO4·7H2O; pH was adjusted to 6.8 by NaOH). The cells were
harvested in the late exponential phase of growth and suspended in
PS buffer (0.1 M NaPi, 0.6 M sucrose; pH 6.8). Lysozyme (300 μg/ml)
was added to the cell suspension, and the suspension was shaken at
30 °C for 25 min at 100 rpm. After this treatment, harvested cells were
resuspended in PYN medium (0.5% polypeptone, 0.25% yeast extract,
0.05% K2HPO4, 0.03% KH2PO4, 4.1% NaCl, 0.013% CaCl2·2H2O, 0.03%
MgSO4·7H2O, 0.0018% MnSO4·4H2O, 0.0006% FeSO4·7H2O; pH was
adjusted to 6.8 by NaOH) supplemented with 60 μg/ml ampicillin. A
2.5-μl aliquot of the suspension was added to 2 ml of PYN medium
supplemented with 60 μg/ml ampicillin. This suspension was shaken
at 23 °C for 48–72 h at 45 rpm.
2.2. Microscopy and electron microscopy
For ethidium bromide (EtBr) staining, the GPs were prepared from
cells of B. subtilis JH642. GPs were harvested and suspended in PBS-GP
(0.7 M NaCl, 0.1 M NaPi; pH 7.4). EtBr (ﬁnal concentration, 1 μg/ml)
was added to the suspension and incubated at room temperature for
1 h. After washing with PBS-GP, ﬂuorescent micrographs of the
protoplasts were taken with excitation at 548 nm (with emission at
615 nm).
Electron microscopic observation was performed on GPs from
B. subtilis 168 strain.
2.3. Isolation of GVs from GPs of B. subtilis
GPs were harvested by centrifugation at 18,000×g. The pellet was
suspended with burst buffer (50 mM KPi, pH 7.5, 10 mMMgCl2, 0.6 M
sucrose), and 17.5 units/ml of DNase I. The suspension was shaken at
30 °C for 20–30 min (45 rpm). After centrifugation at 18,000×g, the
pellet was resuspended in a small volume of burst buffer containing
20% Percoll (Amersham Pharmacia Biotech). The suspension was
placed in a centrifuge tube onto which an equal volume of burst buffer
was overlaid. Percoll density gradient centrifugation was carried out
at 400×g for 60 min. GVs were included in the interface layer. The
GVs were washed twice with the burst buffer and used for further
analyses. Protein concentration was measured by a previously
published procedure [21].
2.4. H+ pumping activity in GVs
Measurement of H+ pumping activity was carried out by the
quinacrine ﬂuorescence quenching method [22]. Provacuoles (100 μg
of protein) were added to 2 ml of the assay mixture (20 mM Tricine–KOH, pH 8.0, 5 mM MgSO4, 200 mM KCl) containing 1 μM quinacrine
hydrochloride. After pre-incubation for 5 min at 25 °C, NADH was
added. After ﬂuorescence quenching had occurred, KCN was added as
an inhibitor of the respiratory chain.2.5. Electrical recording in GVs
GPs were harvested by centrifugation at 2000×g and gently
suspended in a small volume of the same medium as that used for
cell growth. The GPs were put on a glass chamber and washed with
burst buffer (50 mM HEPES–KOH, pH 7.4, 10 mM MgCl2, 0.6 M
sucrose). The chamber was carefully ﬁlled with burst buffer. The
patch pipettes (Drummond Scientiﬁc Co.) were pulled to a diameter
with a resistance of 12.5–25 MΩ (when measured in burst buffer)
using a puller machine (model PC-10, Narishige) and then heat-
polished (model MF-90, Narishige). The electrode was gently
touched to a GV with mild suction (about 800 mm H2O), producing
an instantaneous seal of about 10 GΩ. Thereafter, the suction was
stopped. A tiny hole was made in the membrane of the GV with a
ZAP pulse (duration time 50 ms, amplitude 1.6 V). After that, the
resistance was 0.5–1 GΩ. All substrates in the burst buffer were
added through tandem six-way bulbs (GL Sciences Inc.). The patch
ampliﬁer used was CEZ-2400 (Nihon Kohden). A positive current
represents positive charges moving from the exterior to the interior
of the GV. All recordings were made using the standard patch clamp
technique at 23 °C.
Fig. 2. Ethidium-ﬂuorescent and phase-contrast micrographs of Bacillus subtilis GPs. (A) B. subtilis GPs containing several GVs. (B) B. subtilis GPs containing 1 GV. (a) Ethidium-
ﬂuorescent micrograph. (b) Phase-contrast micrograph. (c) Merged a and b.
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3.1. Enlargement of B. subtilis cells
We previously used a suitable osmoprotectant (sucrose) and
β-lactam antibiotic (penicillin or ampicillin) for the enlargement of
E. coli cells [19]. The osmoprotectants protect enlarged cells from
bursting. Since B. subtilis cells can utilize sucrose as a carbon source for
growth, we could not use it. We tried several sugars and salts, and NaCl
was the most suitable as an osmoprotectant. β-Lactam antibiotics
are required to inhibit the reconstruction of the peptidoglycan layer
(cross-linking of the pentapeptide) after lysozyme treatment. About
100 times the minimum inhibitory concentration (MIC) of ampicillin
was necessary for E. coli cells [19]. In the case of B. subtilis cells, 60 μg/ml
was the most effective concentration of ampicillin.
B. subtilis JH642 cells enlarged to N10 μm in diameter when
incubation lasted for 48—96 h. Transmission electron micrography
revealed that these enlarged cells had no rigid peptidoglycan layer but0 1 2 3 4 5 6 7
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Fig. 3. Acidiﬁcation of the interior of GVs, as induced by NADH addition. GVs were
isolated and puriﬁed. NADH (250 μM)was added at 1 min (downward arrow). Addition
of NADH caused proton inﬂux to GVs and resulted in a decrease of ﬂuorescence. The
addition of 5 mM KCN at 6 min (upward arrow) caused recovery of the ﬂuorescence.
Three independent assays showed similar results.consisted of a lipid bilayer (Fig. 1). This feature distinguishes enlarged
cells as GPs, in accordance with the previous study [19]. On the other
hand, GPs contains vacuole-like structures which consist of a lipid
bilayer. A low electron density area was observed in the vacuoles, and
the area was perfectly isolated from the cytosol. We have observed
this structure in enlarged E. coli, called GVs [19]. Furthermore, there
were some low electron density regions in the cytosol and probably
some copies of chromosomes. Comparing DNA, RNA, and protein
amount per cell between normal cells and GPs, we conﬁrmed that 1
GP contains approximately 100-fold the amount of each in a normal
cell (data not shown).
We carried out ethidium bromide (EtBr) ﬂuorescent micrography
of GP (Fig. 2). We detected signiﬁcant ﬂuorescence in the cytoplasmic
region (inside the GP but outside the GV), but no ﬂuorescence in the
internal space of the GV. This fact indicated that the GV and cytoplasm
were perfectly separated by the membrane and that nucleotides wereFig. 4. NADH-induced current detected on GV from B. subtilis. NADH-induced current
and concentration dependency. Indicated concentration of NADH was ﬂowed to single
GV continuously. At the indicated time (downward arrow), NADH was washed out.
Two independent assays showed similar results.
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Fig. 5. The inhibitory effect of KCN against NADH-induced current. (A) Concentration dependency of residual currents after KCN inhibition. First, only NADH was ﬂowed to GV.
NADH-induced current was roughly 120 pA (time=0). Then, indicated concentrations of KCN were ﬂowed (red; no KCN, orange; 0.1 mM KCN, green; 1 mM KCN, blue; 3 mM KCN,
purple; 7.5 mM KCN). All assays were performed for the same GV. (B) Relationship of KCN concentration to residual currents.
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Fig. 6. The inhibition of HQNO against NADH-induced current. Similar assays to Fig. 5
were performed with HQNO. Two independent assays showed similar results.
1106 K. Nakamura et al. / Biochimica et Biophysica Acta 1808 (2011) 1103–1107located only in the cytoplasmic region. These ﬂuorescent microscopic
observations were in accordance with results obtained for E. coli GPs.
E. coli GVs were previously shown to be giant everted membrane
vesicles, whosemembrane orientation is opposite to that of normal cells
[19].We aimed to conﬁrm that the B. subtilisGVwas also a giant everted
membrane vesicle. We exposed GVs fromGPs by proper osmotic shock,
and GVs were puriﬁed with Percoll density gradient centrifugation.
Quinacrine ﬂuorescence quenching assay for the puriﬁed GVs showed
acidiﬁcation of the GV interior by the addition of NADH. This indicated
that theBacillusGV is anevertedmembrane vesicle as is that of theE. coli
GV (Fig. 3). It also revealed that the respiratory chain was functional on
the puriﬁed GV membrane. We considered it possible to analyze the
respiratory chain with a whole-cell patch clamp (in this case, whole-
provacuole patch clamp) for the GV.
3.2. Characterization of respiratory chain in B. subtilis GV
First, NADH was used as a respiratory substrate. With 10 μM
NADH, we could detect about 160 pA current (Fig. 4). This current was
much higher than in E. coli GVs (50 pA at 250 μMNADH). Since the GV
is an everted membrane vesicle, a positive current means cations are
translocated from outside to inside the GV, and also from inside to
outside of the intact cell. This current was changed in a concentration-
dependent manner.
Although we could detect the NADH-induced current, we should
show the current was due to the respiratory system. We investigated
the effect of some respiratory inhibitors on the current. KCN is known
as a common respiratory inhibitor, and has been reported as a
cytochrome b560-d complex inhibitor in Photobacterium phosphoreum
[23] and reported to bind to cytochrome aa3 from B. subtilis [24]. KCN
was added at various concentrations after 100 μM NADH (Fig. 5).
NADH-induced current was inhibited, depending on the concentra-
tion of KCN, and the inhibition peaked at 80%.
Next, we usedHQNO (Fig. 6). HQNO is an analog ofmenaquinone, so
HQNO binds to the enzyme instead of menaquinone [25]. It has been
shown that HQNO inhibited B. cereusNdh-2-like NADH dehydrogenase
by approximately 50% [26]. It has also been elucidated that 500 μM
HQNO almost completely inhibited B. subtilis Sdh or aa3 complex
[25,27]. HQNO at 10 μM was almost completely inhibited. Inhibition
with KCN and HQNO revealed that NADH-induced current was the
respiratory activity. All of these results revealed that we detected the
current coupled with respiration by patch clamp analysis.
4. Discussion
Because patch clamp analysis is a reliable tool for analyzing ion
transport, use of this technique will facilitate more detailed analyses
of the respiratory system of B. subtilis. However, because electro-physiological analysis is a novel approach to study the respiratory
system of B. subtilis, it was necessary to show that certain biochemical
characteristics and kinetic parameters were equivalent to those
reported in previous studies. Our data indicated that using patch
clamp analyses, we were able to detect transport activity as currents
in the respiratory system.
We used NADH as an electron donor and oxygen as an electron
acceptor. Therefore, the current we detected was the sum of H+
translocation via NADH dehydrogenases, quinol/cyt c oxidoreductase,
and terminal oxidases. Our technique should enable detection of a
current due to each dehydrogenase or oxidase if a suitable electron
donor and acceptor are chosen. Therefore, we believe that this study is
the ﬁrst step toward electrophysiological analyses of the respiratory
system of B. subtilis.
Our technique has another advantage. Bacterial membrane
samples are generally unstable at room temperature, but the whole-
cell recording mode allowed at least a 2-h continuous assay in the
provacuoles (Fig. 4). NADH-induced current at 2 h was almost
identical to the initial current. This is the most important advantage
for kinetic analyses. Before attaching a glass pipette to a GV, the assay
buffer is generally allowed to ﬂow continuously for several minutes to
wash any debris off the surface. Washing out cumbersome proteases
may allow a longer assay.
In our patch clamp analysis, KCN inhibited NADH-induced current
by up to 80% (Fig. 5). It implies that some ubiquinol oxidases in
B. subtilis have a very low sensitivity for cyanide, like as in E. coli [28].
In contrast to KCN, HQNO almost completely inhibited NADH-induced
current (Fig. 6). This strong inhibition suggested that HQNO inhibits a
broad range of respiratory components. This nonspeciﬁcity can be
predicted from its chemical structure, which is similar to that of
1107K. Nakamura et al. / Biochimica et Biophysica Acta 1808 (2011) 1103–1107menaquinone, and agrees with a previous study on beef respiratory
protein-HQNO interaction [29].
In conclusion, we propose that patch clamp analyses can be used to
perform further studies on B. subtilis. In principle, any electrogenic ion
transports can be detected using the patch clamp technique. Thus,
analyses of most electrogenic transporters, including ion channels and
secondary transporters, may be possible.Acknowledgements
We thank Dr. M. Mio of Shujitsu University for his assistance in
taking micrographs with a confocal laser scanning microscope.References
[1] S.S. Pao, I.T. Paulsen, M.H. Saier Jr., Major facilitator superfamily, Microbiol. Mol.
Biol. Rev. 62 (1998) 1–34.
[2] P. Turina, A. Rebecchi, M. D'Alessandro, S. Anefors, B.A. Melandri, Modulation of
proton pumping efﬁciency in bacterial ATP synthases, Biochim. Biophys. Acta
1757 (2006) 320–325.
[3] M. Putman, H.W. van Veen, W.N. Konings, Molecular properties of bacterial
multidrug transporters, Microbiol. Mol. Biol. Rev. 64 (2000) 672–693.
[4] D.H. Nies, Efﬂux-mediated heavymetal resistance in prokaryotes, FEMSMicrobiol.
Rev. 27 (2003) 313–339.
[5] J. Bergsma, M.B. Van Dongen, W.N. Konings, Puriﬁcation and characterization of
NADH dehydrogenase from Bacillus subtilis, Eur. J. Biochem. 128 (1982) 151–157.
[6] N. Azarkina, S. Siletsky, V. Borisov, C. von Wachenfeldt, L. Hederstedt, A.A.
Konstantinov, A cytochrome bb'-type quinol oxidase in Bacillus subtilis strain 168,
J. Biol. Chem. 274 (1999) 32810–32817.
[7] M. Santana, F. Kunst, M.F. Hullo, G. Rapoport, A. Danchin, P. Glaser, Molecular
cloning, sequencing, and physiological characterization of the qox operon from
Bacillus subtilis encoding the aa3-600 quinol oxidase, J. Biol. Chem. 267 (1992)
10225–10231.
[8] M. Saraste, T. Metso, T. Nakari, T. Jalli, M. Lauraeus, J. Van der Oost, The Bacillus
subtilis cytochrome-c oxidase. Variations on a conserved protein theme, Eur. J.
Biochem. 195 (1991) 517–525.
[9] L. Winstedt, K. Yoshida, Y. Fujita, C. vonWachenfeldt, Cytochrome bd biosynthesis
in Bacillus subtilis: characterization of the cydABCD operon, J. Bacteriol. 180 (1998)
6571–6580.
[10] M. Assempour, D. Lim, B.C. Hill, Electron transfer kinetics during the reduction and
turnover of the cytochrome caa3 complex from Bacillus subtilis, Biochemistry 37
(1998) 9991–9998.
[11] N. Azarkina, V. Borisov, A.A. Konstantinov, Spontaneous spectral changes of the
reduced cytochrome bd, FEBS Lett. 416 (1997) 171–174.[12] M. Lauraeus, T. Haltia, M. Saraste, M. Wikstrom, Bacillus subtilis expresses two
kinds of haem-A-containing terminal oxidases, Eur. J. Biochem. 197 (1991)
699–705.
[13] M. Lauraeus, M. Wikstrom, The terminal quinol oxidases of Bacillus subtilis have
different energy conservation properties, J. Biol. Chem. 268 (1993) 11470–11473.
[14] E. Neher, B. Sakmann, Single-channel currents recorded from membrane of
denervated frog muscle ﬁbres, Nature 260 (1976) 799–802.
[15] E. Neher, B. Sakmann, J.H. Steinbach, The extracellular patch clamp: a method for
resolving currents through individual open channels in biological membranes,
Pﬂugers Arch. 375 (1978) 219–228.
[16] D.C. Gadsby, J. Kimura, A. Noma, Voltage dependence of Na/K pump current in
isolated heart cells, Nature 315 (1985) 63–65.
[17] B. Sakmann, F. Edwards, A. Konnerth, T. Takahashi, Patch clamp techniques used
for studying synaptic transmission in slices of mammalian brain, Q. J. Exp. Physiol.
74 (1989) 1107–1118.
[18] B. Martinac, M. Buechner, A.H. Delcour, J. Adler, C. Kung, Pressure-sensitive ion
channel in Escherichia coli, Proc. Natl Acad. Sci. USA 84 (1987) 2297–2301.
[19] T. Kuroda, N. Okuda, N. Saitoh, T. Hiyama, Y. Terasaki, H. Anazawa, A. Hirata, T.
Mogi, I. Kusaka, T. Tsuchiya, I. Yabe, Patch clamp studies on ion pumps of the
cytoplasmic membrane of Escherichia coli. Formation, preparation, and utilization
of giant vacuole-like structures consisting of everted cytoplasmic membrane, J.
Biol. Chem. 273 (1998) 16897–16904.
[20] I. Kusaka, Growth and division of protoplasts of Bacillus megaterium and inhibition
of division by penicillin, J. Bacteriol. 94 (1967) 884–888.
[21] B.O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with
the folin phenol reagent, J. Biol. Chem. 193 (1951) 265–275.
[22] T. Kuroda, T. Shimamoto, K. Inaba, M. Tsuda, T. Tsuchiya, Properties and sequence
of the NhaA Na+/H+ antiporter of Vibrio parahaemolyticus, J. Biochem. (Tokyo)
116 (1994) 1030–1038.
[23] K. Konishi, M. Ouchi, K. Kita, I. Horikoshi, Puriﬁcation and properties of a
cytochrome b560-d complex, a terminal oxidase of the aerobic respiratory chain of
Photobacterium phosphoreum, J. Biochem. 99 (1986) 1227–1236.
[24] B.C. Hill, J. Peterson, Spectral and cyanide binding properties of the cytochrome
aa3 (600 nm) complex from Bacillus subtilis, Arch. Biochem. Biophys. 350 (1998)
273–282.
[25] A. Christenson, T. Gustavsson, L. Gorton, C. Hagerhall, Direct and mediated
electron transfer between intact succinate:quinone oxidoreductase from Bacillus
subtilis and a surface modiﬁed gold electrode reveals redox state-dependent
conformational changes, Biochim. Biophys. Acta 1777 (2008) 1203–1210.
[26] J. Kang, Y.J. Kim, HQNO-sensitive NADH:quinone oxidoreductase of Bacillus cereus
KCTC 3674, J. Biochem. Mol. Biol. 40 (2007) 53–57.
[27] E. Lemma, J. Simon, H. Schagger, A. Kroger, Properties of the menaquinol oxidase
(Qox) and of qox deletion mutants of Bacillus subtilis, Arch. Microbiol. 163 (1995)
432–438.
[28] K. Kita, K. Konishi, Y. Anraku, Terminal oxidases of Escherichia coli aerobic
respiratory chain: II. Puriﬁcation and properties of cytochrome b558-d complex
from cells grownwith limited oxygen and evidence of branched electron-carrying
systems, J. Biol. Chem. 259 (1984) 3375–3381.
[29] G. Van Ark, J.A. Berden, Binding of HQNO to beef-heart sub-mitochondrial
particles, Biochim. Biophys. Acta 459 (1977) 119–127.
